INTRODUCTION
"Reduce costs! Increase productivity! Improve service!" Laboratory managers and hospital administrators know the pressures to improve quality and efficiency of operations while maintaining tight fiscal control. In today's healthcare environment of everincreasing labor costs, administrators are forced to re-examine the systems that are in place. Is there a way to simplify and economize without sacrificing service? The answer may be a new type of employee to buffer absences due to illness, and which is content with performing routine, predictable tasks. Thanks to mobile robots such as Rosie, Bart and Greta, routine deliveries can be automated, allowing trained staff to do their real jobs -caring for patients.
Within the medical environment, transportation is an expensive and vital operational responsibility. Consider the vast numbers of systems and procedures in place to deliver specimens, laundry, meals, patient charts, pharmaceuticals, equipment and supplies. These are 24-hour, year-long needs that have been predominantly addressed by a) staff couriers who are paid to make deliveries, b) technical staff on an "as-need" basis, and c) fixed systems such as pneumatic tubes. Of particular concern is the use of technical staff to make deliveries in addition to their primary duties. In a study to reduce sick time and high turnover at the VA Medical Center in San Diego, CA, it was discovered that the night shift was spending nearly half their time running deliveries instead of doing the job for which they were hired. 1 Mobile robots, or autonomously guided vehicles, have been used in such diverse fields as education, commercial cleaning, aerospace, defense and manufacturing. Perhaps one of the more interesting applications is in the area of surveillance. The CyberGuard Robotic Security System (Cybermotion, Roanoke, VA, www.cybermotion.com) is alerted to the early stages of a fire using flame, smoke and gas detectors ( Figure 1) . It also uses sonar, microwaves and infrared to detect the presence of people in secure areas. Since 1984, Cybermotion has marketed over 30 robotic security systems and continues to produce fully self-guided autonomous security vehicles.
Mobile robots share basic elements such as drive motors, sensors, computer, batteries and external case. Some models can now be programmed to call elevators, open doors, avoid obstacles and communicate using simple phrases such as "excuse me." In the field of medicine, mobile robots have been successfully implemented as a result of the technology becoming more reliable and sophisticated. 2, 3 For example, the HelpMate robot (Pyxis Corporation, San Diego, CA) has been installed in over 70 medical institutions nationwide ( Figure 2 ). In addition, the RoboCart (CCRI, Lake Arrowhead, CA) is now operating in over 14 locations ( Figure 3) . For a medical mobile robot to be successful, it must safely function around staff and patients, perform routine tasks reliably and efficiently, avoid unpredictable obstacles such as wheelchairs, provide full notification if it becomes disabled, have usable and repairable technology for untrained users and allow easy battery charging. Several companies are producing medical mobile robots that meet and exceed many of these requirements.
SPECIFIC ROBOTS
HelpMate (Pyxis Corporation, San Diego, CA, www.pyxis.com)
Under the direction of Joe Engelberger, HelpMate Robotics Inc. became the leader in advancing the technology for hospital material transport. In fact, the company changed its name in 1996 from Transitions Research Corporation to its current moniker in orderto highlight its focus on hospital markets. Recently, Pyxis Corporation, a leader in hospital supply inventory management, acquired the assets and robot technology from HelpMate Robotics Inc. HelpMate robots were first installed as a hospital delivery solution in 1991 and are currently used in about 70 hospitals. With its impressive work ethic (the robot can be operated 24 hours per day for 365 days each year) and large payload capacity, HelpMate successfully delivers pharmaceuticals, meals, lab results and supplies throughout the hospital with more cost effectiveness than paying higher priced technical staff to do the same errands.
RoboCart (California Computer Research Inc, Lake Arrowhead, CA, www.robocart.com)
The CCRI Specimen RoboCart is another mobile robot that has been designed specifically for use within the medical environment. With its lighter payload and smaller design, it offers an alternative to HelpMate for intra-laboratory deliveries. Designed by Don and Cheryl Nagy, the RoboCart is the first robot to address the needs of laboratories with narrow corridors and limited budgets for transportation services.
RoboCart was first used within a laboratory setting at The University of Virginia and is now in use in 14 facilities in the USA and Brazil. This robot is ideally suited to deliveries within clinical labs, or office mail delivery. Its specimen carrier is 18" wide and 26" long with a 2" border allowing documents, specimens or supplies to be safely transported. It occupies the same floor space as a human, so with its small footprint and center axis rotation abilities, even crowded labs are accessible to RoboCart.
Transcar (Swisslog Translogic, Denver, CO, www.translogiccorp.com)
For over eighty years, Translogic Corp. has been developing material handling technology. Known as a leader in pneumatic tubes, it has diversified its automated material transport systems to include selective vertical conveyors, automated guided vehicles and electric track vehicle systems. Its self-powered vehicle, called the Transcar (Figure 4) , is used to move materials in hospitals, mail in offices and assemblies in manufacturing operations.
Transcar is a battery-powered, computer-controlled vehicle that follows a predetermined path for distribution of materials. Its guidance sensors follow a thin stainless steel band of tape adhered to the floor surface. Totally sealed maintenance free batteries can be automatically charged at waiting stations. Using infrared light, computer control allows Transcar to signal doors to open, operate elevators and interface with multiple vehicles on a common pathway. A non-contact obstacle detection device or a two-range noncontact obstacle detection device can be installed.
UNDE R DEVELOPMENT
Deluxe PeopleBots (ActivMedia Robotics, Peterborough, NH, www.activrobots.com) ActivMedia Robotics is a company that is dedicated to creating affordable, intelligent mobile robots. Its Pioneer mobile robotic platform is currently used for education, research, prototyping, exhibits and plug-n-play applications. By the fall, Deluxe PeopleBots will be on the market ( Figure 5) . The robots will be able to speak, listen for recognizable phrases, respond to requests, navigate, find recognizable objects, follow colors, transmit video images to surveillance monitors, communicate with other robots, connect to PC's via the internet or LAN and run autonomously for days. With these capabilities, it is expected that PeopleBots will be used as tour guides, waiters, monitors, and messengers. Robosoft is currently completing the feasibility phase of its NESTOR project. The study, undertaken over the past two years, confirmed the need for a system to handle the transportation of medical records and lab specimens in European health care centers. NESTOR, an autonomous robotic system for the transport of materials in hospitals, is being designed to meet this need. Robosoft expects to begin NESTOR's implementation phase by mid-2000.
FUTURE DIRECTIONS

Figure 2
There are many exciting possibilities for the future of medical mobile robots. Gay Engelberger, Director of Marketing at HelpMate Robotics, who assisted with definitive studies examining how to design houses for robot access, suggests that robots with arms will be able to stock shelves and load/unload themselves. Smaller robots will be able to follow doctors from room to room dispensing medications; and robots with large payloads will be able to tug meal tray carts. Wellmont-Bristol's (Bristol, Tennessee) Ed Bush believes that the future will be found in "Focused Automation" -a user defined system that will allow any laboratory to automate any instrument. 4 He imagines a CCRI RoboCart transporting instrument specific racked bar-coded specimens from a processing station to an instrument interfaced with a human scale robotic arm. The robotic arm would remove the rack from the RoboCart and load the instrument. This process is similar to the RoboCart pickup and delivery interface (Pic&Place™) developed at the University of Virginia or the pickup and delivery process developed for the coagAutoLink™ coagulation analyzer (Organon Teknika, Raleigh-Durham, NC). 5, 6 Bush suggests that at least sixty percent of general laboratory testing could be automated for nominal cost. 4 
BENEFITS TO THE HEALTHCARE INDUSTRY
Regardless of their physical appearance or specific capabilities, medical mobile robots are being recognized as efficient, productive and reliable alternatives to many existing delivery systems. Robots are cost effective because they are devoted to the job they were hired to do. They make deliveries in a predictable, routine way and have limited downtime. They do not deviate from their scheduled route and are not distracted by other priorities.
In a 1996 study by the Department of Pathology and Laboratory Medicine at UCLA, two specimen-transport RoboCarts that were monitored for a nine-month trial successfully provided net savings of almost $7000 in the first year when the robots replaced 1.5 full time equivalents. It was projected that potential savings over 5 years would be over $200,000. In addition, staff reported that they felt less tired after work and believed that the robots made their jobs easier. Specimens were delivered on time rather than batched four times per hour. The authors reported that the robots' major advantage over other modes of specimen transportation was their flexibility. Their modular frame was easily modified to accommodate automated loading and unloading at workbenches of differing heights. Routes were easily altered by changing the position of the reflective tape. Figure 3 When a HelpMate robot was employed by the VA Medical Center in San Diego, CA, the hospital realized savings of almost $58,000 per year when the robot was used to make pharmacy deliveries rather than a pharmacy technician. The hospital realized additional benefits such as decreased late delivery times, increased time for clinical work and patient care, reduced turnover and decreased retraining costs. 7 The question has been asked as to how many robots will be beneficial to a medical facility. However, in order to answer this important question, it would require a significant investment to install a robot fleet. In order to address this issue without going to the expense of actually installing robots, the University of Virginia turned to a computerized simulation model to analyze the costs, benefits, and performance tradeoffs related to the installation and use of a fleet of robotic couriers within hospital facilities. 8 They showed that for clinical laboratory and pharmaceutical deliveries a fleet of six robotic couriers can achieve significant performance gains in terms of turn around time and delivery variability over the current system of three human couriers per shift or 13 FTE's. Specifically, the simulation results indicate that using robotic couriers to perform both clinical laboratory and pharmaceutical deliveries would result in a 34% decrease in turn around time, and a 38% decrease in delivery variability. In addition, a break-even analysis indicated that a positive net present value occurs if nine or more FTE's are eliminated with a resulting ROI of 12%. This analysis demonstrates that simulation can be a valuable tool for examining health care distribution services and indicates that a robotic courier system may yield significant benefits over a traditional courier system in this application.
CONCLUSION
Lacking a "human-touch" bedside manner, it is unlikely that mobile robots alone will infiltrate the medical community. However, this technology does offer substantial benefits to both small and large hospitals. Smaller institutions have fewer staff to call upon to perform unscheduled deliveries or to designate exclusively as couriers. Larger hospitals with centralized facilities face substantial costs in moving supplies and specimens from station to station. With their abilities to increase the productivity of the technical staff, keep track of equipment and supplies delivered, and ultimately to improve patient care at significant cost savings, mobile robots are a viable alternative to methods of transport currently being used. As Griffin Hospital's Lynn Werdal advises, "healthcare institutions can definitely benefit from having a 'Greta' around." n
